Rayleigh wave propagation can occur according to complex mode excitation such that the interpretation of the phase or group velocity spectra can be erroneous thus leading to wrong reconstruction of the subsurface shear-wave velocity profile. In this paper, we present a case study solved by considering the holistic analysis of the Rayleigh waves recorded by a single 3-component (3C) geophone and inverted by considering the groupvelocity spectra of the radial and vertical components together with the Radial-to-Vertical Spectral Ratio (RVSR) and the RPM (Rayleigh-wave Particle Motion) frequency curve. In order to test the performance of the adopted methodologies, we intentionally considered a complex site characterized by a high level of background noise and a limited space for the data acquisition. In addition, passive data collected by the same 3C geophone are used to compute the Horizontalto-Vertical Spectral Ratio (HVSR). Due to the vibrations produced by a nearby excavator, in order to obtain a meaningful HVSR we selected only a small portion of the recorded data. Computed HVSR is then jointly inverted with the active data to further validate the retrieved subsurface model and obtain information about the shear-wave velocities of the deeper layers. Altogether, four different inversion strategies are pursued and the obtained V S profiles compared also with the results from a local penetrometer test and some borehole data.
propagate according to very complex mode combinations, it is sometimes quite hard or impossible to correctly identify and separate specific modal dispersion curves. Misinterpretation of modal curves necessarily leads to erroneous V S profiles (e.g. Zhang and Chan, 2003) . In concrete terms, we should for instance address the following question: how can we verify and demonstrate that the signals highlighted in Figure 1c actually pertain to the fundamental mode and to the first overtone?
Indeed, the seemingly simplicity of a continuous signal in the velocity spectrum does not necessarily mean that that signal pertains to a single mode: this for instance means that the signal in the box B (Fig. 1c) does not necessarily relate to a single higher mode. A series of synthetic and real data sets aimed at giving evidence of these aspects are presented in Dal Moro (2014 -Chapter 3) and Dal Moro et al. (2017a) .
A possible solution to these problems and ambiguities can be represented by the joint acquisition and analysis of Love waves and/or the radial component of Rayleigh waves (Safani et al., 2005; Dal Moro and Ferigo, 2011; Xia et al., 2012 ; Dal
INTRODUCTION
Very often, surface waves are acquired and analyzed by considering only the vertical component of Rayleigh waves. The shear-wave velocity (Vs) profile of the investigated site is then typically obtained through the inversion of a user-picked modal dispersion curve (e.g. Park et al., 1999; Xia et al., 1999; Xia, 2014) . Figure 1 summarizes the standard procedure for the acquisition and analysis of a multichannel active seismic record used for the so-called Multi-Channel Analysis of Surface Waves, MASW (e.g., Park et al., 1998) . A series of regularly-spaced vertical geophones are deployed along a straight line and a vertical-impact source (for instance a sledgehammer or a weight drop) is used to generate Rayleigh waves (Fig. 1a) . The recorded seismic traces (Fig. 1b) are then transformed into the velocityfrequency domain so to obtain the phase velocity spectrum (Fig. 1c) . In the classical approach, the velocity spectrum is interpreted in terms of modal dispersion curves (the lines in the A and B boxes of Fig. 1c ) that are interpreted, picked and inverted to eventually obtain the V S vertical profile (Fig. 1d) .
Unfortunately, since Rayleigh waves can 
Fig. 1
Acquisition and processing of Rayleigh waves according to the standard MASW approach: a) a series of vertical-component geophones are deployed and a vertical-impact source is used to produce Rayleigh waves; b) a multi-channel (vertical component) dataset is obtained; c) seismic traces are transformed into the velocity-frequency domain in order to obtain a phase-velocity spectrum which is then interpreted in terms of modal dispersion curves; d) V S profile obtained by inverting the interpreted dispersion curves. A wrong interpretation of the signals in the velocity spectrum necessarily leads to an erroneous V S profile.
described for instance in Dal Moro et al. (2015b Moro et al. ( , 2015c Moro et al. ( , 2015d and briefly summarized in Figure 2 . When a vertical-impact source is applied, the vertical and radial geophones record the vertical (Z) and radial (R) components of the generated Rayleigh waves. On the other side, in case a shear source is adopted, the produced Love waves are recorded along the T component. For the present work, we only consider Rayleigh waves, so just the Z and R components.
We considered four objects for the holistic (i.e. joint) analysis of Rayleigh waves: 1. the group-velocity spectrum of the Z component; 2. the group-velocity spectrum of the R component; 3. the Radial-to-Vertical Spectral Ratio (RVSR), defined as the ratio between the amplitude spectra of the vertical and radial components; 4. the Rayleigh-wave Particle Motion (RPM) curve describing the actual motion of Rayleigh waves. This latter curve (the RPM frequency curve) was recently introduced in Dal Moro et al. (2017b) and aims at quantitatively describing the particle motion as a function of the frequency. Rayleigh waves, in fact, can propagate not according to a retrograde motion (as often simplistically believed) but as a complex mix of retrograde and prograde motion (see also Tanimoto and Rivera, 2005; Malischewsky et al., 2008) . The RPM frequency curve represents the correlation coefficients (frequency by frequency) between the radial component and the Hilbert transform of the vertical component. A purely retrograde motion is defined by a +1 value, whereas A further possibility that, thanks to the light field procedures and necessary equipment, can be an appealing and efficient solution, is represented by the holistic approach presented in Dal Moro (2014) and Dal Moro et al. (2015b Moro et al. ( , 2015c Moro et al. ( , 2015d Moro et al. ( , 2017a [Holistic analysis of Surface waves -HS]. This holistic methodology is an improvement of the classical Multiple Filter Analysis (MFA) technique described in Dziewonsky et al. (1969) and is based on the active data recorded by means of a single 3-component (3C) geophone.
For the present work, we followed this latter approach, also considering and discussing the Rayleigh-wave Particle Motion (RPM) frequency curve (Dal Moro et al., 2017b) and the Horizontal-toVertical Spectral Ratio (HVSR, e.g. Fäh et al., 2001) .
In order to illustrate the methodology, we intentionally chose a challenging site with conditions far from ideal. During the survey, there were in fact ongoing earthworks responsible for a high level of background noise. Furthermore, the space available for the seismic-data acquisition was very limited.
The obtained shear-wave velocity profiles were eventually compared with the data from a penetrometer test performed in the same area and with some borehole information available from a nearby site.
DATA ACQUISITION AND INVERSION PROCEDURES
The active data were acquired by means of a single 3C geophone according to the field procedure
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433 Fig. 2 Data acquisition according to the active HS methodology: one source and one 3C receiver set at a fixed distance (offset) from the source. For the present study we considered Rayleigh waves only, so just the vertical (Z) and radial (R) components.
incoherent noise that characterize the site (e.g. Rodríguez-Castellanos et al., 2006) .
THE GRADO-MARANO LAGOON CASE STUDY
The investigated site is located in the centralwestern area of the Grado-Marano lagoon (Northern East Italy - Fig. 3 ). A series of works aimed at improving the local hydraulic infrastructures required the definition of the local stratigraphy both in geotechnical terms as well as with respect to the Vs profile. A non-standard approach was required due to: 1. the limited space available (Fig. 3) ; 2. the significant noise produced by the earthworks going on in the area (Fig. 4) . Active data were acquired according to the parameters reported in Table 1 and using a 2Hz 3C geophone equalized by means of an inverse filter (e.g. Bertram and Margrave, 2011) so to be able to properly define the amplitude down to about 0.3Hz. Because of the noisy background due to the activities of the excavator (Fig. 4) , we acquired 17 shots, then removing the first three shots (characterized by a low signal-to-noise ratio) and stacking just 14 shots (Fig. 5) .
From the obtained stacked data of the Z and R components ( Fig. 6a) , we defined four objects used for the joint inversion aimed at retrieving the vertical V S profile: the Radial-to-Vertical Spectral Ratio (Fig. 6b) , the two group-velocity spectra reported in Figures 6c and 6d and the Rayleigh-wave Particle Motion (RPM) frequency curve reported in Figure 7 .
The values (i.e. the frequency-velocity matrix) reported in Figures 6c and 6d are normalized frequency by frequency so to easily identify the group velocities for each frequency regardless of the amplitude of each specific frequency, which clearly depends on the characteristics of the adopted source a purely prograde motion has a -1 value. Since the real motion is often a complex combination of various components, the actual values range between -1 and +1.
The same 3C geophone has been used to acquire passive data useful for instance to define the HVSR curve.
It must be underlined that the group-velocity spectra considered for the analysis are not interpreted in terms of modal dispersion curves but are processed according to the Full Velocity Spectrum (FVS) approach, thereby going beyond the subjectivity related to the picking of modal dispersion curves.
The FVS approach relies on the analysis (inversion) of the whole velocity spectrum (or spectra, in case of multi-component analysis) and not on interpreted dispersion curves and is accomplished in three main steps (Dal Moro, 2014; Dal Moro et al. 2015a , 2016 ): 1. computation of the synthetic traces of the considered component(s) for a tentative model; 2. determination of the velocity spectrum/a of the synthetic traces computed in the previous step; 3. computation of the misfit(s) between the field velocity spectrum/a and the synthetic one(s).
These three steps are implemented within a heuristic optimization scheme that minimizes the misfit(s), thus eventually providing the subsurface model having the velocity spectrum as close as possible to the velocity spectrum of the field data. When two or more components are jointly analyzed, the adopted inversion scheme is based on the Pareto optimality which aims at finding the models that represent the best compromise with respect to the two (or more) considered objective functions . Such inversion procedure belongs to the family of multi-objective optimization schemes (Sarawagi et al., 1985; Zitzler and Thiele, 1999; Van Veldhuizen and Lamont, 1998; Coello Coello, 2003; Dal Moro and Ferigo, 2011) .
It must be emphasized that a joint inversion is always necessarily a sort of compromise. In other words, it is usually quite hard to perfectly match all the objects, especially when the data are noisy and lateral variations occur. In fact, the different components can respond differently to non-ideal conditions and to the various kinds of coherent and Table 1 ). The point P corresponds to the location of the penetrometer test. 
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Fig. 5
The 17 recorded shots (vertical-impact force): due to poor quality, the first three shots were removed so to obtain a stacked dataset (reported in the lower-right corner) with a higher signal-to-noise ratio. The three traces refer to the vertical, radial and transversal components, respectively (in the present study the transversal component is not considered). Eventually, in order to obtain information about deeper layers, we also included the microtremor data (used to define the HVSR curve) which, because of the noise produced by the excavator, required some careful data selection. Four different inversion procedures are then considered: 1. joint inversion of the Z and R group-velocity spectra together with the RVSR curve; 2. joint inversion of the Z and R group-velocity spectra together with the RPM frequency curve; 3. inversion of the R group-velocity spectrum alone; 4. joint inversion of the Z and R group-velocity spectra together with the HVSR curve.
GROUP-VELOCITY SPECTRA (Z AND R) AND RVSR
The results of the inversion performed considering the Z and R group velocity spectra and the RVSR curve are summarized in Figures 8 and 9 . The Vs profiles in Figure 9 highlight the presence of a soft-sediment cover also clearly visible along the river bank (Fig. 4) . The obtained V S profile is shown down to 30 m even if, because of the limited offset (30 m -see Table 1 and Fig. 3) , the actual penetration depth can be estimated to be about 15-20 m (i.e. half or two thirds of the adopted offset). In spite of this, and on the attenuation produced by the soil properties. Such normalization is applied also to the synthetic spectra so not to influence the inversion process which is then focused on the group velocities only, independently on the amplitude spectrum of the wavelet.
In the following sections, we present the joint inversions performed according to the procedure described in Dal Moro (2014) 
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437 Fig. 8 Joint HS inversion considering the Z and R group velocity spectra and the RVSR curve. Shown the data pertaining to the two final most important models (see also Fig. 9 ): a) minimum-distance model; b) mean model computed from all the Pareto-front models. Background colours represent the field data velocity spectra while the overlaying black contour lines the synthetic data. since the V S profiles obtained by means of the four considered inversion strategies will be eventually compared, we present the V S profile down to 30 m for all the four considered cases, although the only inversion that can actually provide information about the deeper layers is the forth one (joint inversion of the Z and R group-velocity spectra and the HVSR curve -see 3.4 section). The higher Vs values (> 300 m/s) at a depth of about 10 m can be associated to sandy deposits welldocumented in the area (some geotechnical data will be presented in the Discussion paragraph).
GROUP-VELOCITY SPECTRA (Z AND R) AND RPM FREQUENCY CURVE
The results of the joint inversion of the Z and R group velocity spectra and the RPM frequency curve are presented in Figures 10 and 11 . In general terms, the obtained V S profiles are similar to those reported in the previous section, and the transition between the soft 10 m cover and the deeper sediments (characterized by V S around 300 m/s) is clear in both the cases.
SINGLE-COMPONENT INVERSION: GROUP-VELOCITY SPECTRUM OF THE RADIAL COMPONENT
The result of the FVS inversion of the groupvelocity spectrum of the radial component is summarized in Figure 12 (the best and mean models are computed considering the procedure described in Dal . In this case the match between the field and synthetic group-velocity spectra is so-tospeak "perfect" but, from the conceptual point of view the solution (the Vs profile) is less robust (see also Dal Moro et al., 2015d) .
In general terms, the obtained V S profiles show again the evidence of a 10 m soft-sediment cover over a sandy (stiffer) layer.
It is anyway interesting to point out the relatively-stiffer layer at a depth of about 7m, which is also identified by the Z+R+RPM inversion presented in the 3.2 section and that will be briefly commented in the Discussion paragraph. can seriously influence and distort the HVSR. The two rectangles highlight two moments (about 1.5 min) during which the excavator temporarily stopped working. The amplitude spectra and HVSR curves of the raw and selected data are reported in Figures 14 and 15 , respectively.
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Fig. 14
Amplitude spectra for (a) the raw data and (b) the selected (rectangles in Fig. 13) 1.5 minutes. For the two plots we intentionally adopted the same scales, so to better highlight the influence of the vibrations produced by the excavator. 
HVSR PROCESSING AND JOINT INVERSION WITH THE ACTIVE DATA
In order to classify the site according to the Eurocode 8 (EN 1998 (EN -1, 2004 , it is necessary to determine the V S values down to 30 m. Since the offset of the active data was not sufficient to reach such a depth, by means of the same 3C geophone used for the acquisition of the active data we also acquired a passive dataset aimed at defining the HVSR curve (e.g. Fäh et al., 2001) . Unfortunately, the excavator working about 40 m away from the point where we were recording the data introduced a significant amount of artificial vibrations. Figure 13 shows the 16 minute long dataset with clear evidence of the largeamplitude disturbances generated by the excavator. The earthworks temporarily stopped for just about 1.5 min (see the two rectangles in Fig. 13) .
The amplitude spectra of the three components computed considering the entire dataset and just the 1.5 minutes isolated by the two rectangles are shown in Figure 14 . Please note that, in order to highlight the influence of the vibrations generated by the excavator, we intentionally kept the same scales for both the plots (Figs. 14a and 14b ). We then computed the H/V spectral ratio for both the time series (the raw data and the selected 1.5 min) with the results presented in Figure 15 . According to the SESAME recommendations (SESAME, 2004) the minimum signal duration necessary for being able to properly determine the HVSR curve down to 2 Hz is about 1.7 min (100 s). Nevertheless, being a bit less strict, we can try to keep the retrieved curve down to 1 Hz.
The largest difference in the HVSR curves reported in Figure 15 is clearly in the 1-5 Hz frequency range. We then performed the joint inversion of the HVSR curve obtained from the selected data (Fig. 15b) together with the Z and R group-velocity spectra (the same used in the previous sections) similarly to the work presented in Dal Moro (2015) . Results are summarized in Figure 16 and require some comments.
The peak of the H/V spectral ratio at about 5 Hz relates to the top of the sands at a depth of about 10 m (see also the analyses performed with the active data alone) while the abrupt decrease of the H/V spectral ratio between about 5 and 2 Hz (Fig. 15b) is responsible for the low velocity layer (LVL) clearly visible in Fig. 16d between about 18 and 26 m.
Due to the limited offset (just 30 m), the active data cannot sense the materials deeper that approximately 15-20 m (the group-velocity spectra can be used only down to about 4 Hz). Therefore, the deeper layers are constrained by the HVSR curve only.
A series of considerations regarding the obtained V S profiles and the available geotechnical and borehole data is presented in the following section. Figure 17 reports the four models obtained according to the four inversion strategies considered for the present work. Due to the limited offset adopted for the acquisition of the active data, the V S profiles for the model#1, 2 and 3 are sufficiently reliable only down to about 15-20 m (half or two thirds of the adopted offset). As a consequence, the V S values of the deeper strata obtained for the model#4 depend only on the H/V spectral ratio.
DISCUSSION
Considered the challenging experimental conditions (limited available room and noisy conditions), the overall general agreement is apparent and the obtained V S profiles can be compared with the available geotechnical and borehole data.
A geotechnical test (CPTU -piezocone penetration test) performed in the area (point P in Fig. 3 ) reached a depth of about 16 m (the tip resistance q c values are presented in Fig. 18a ). CPTU data are commonly used to infer geological information and geotechnical characterization by means of empirical relationship that tries to establish a link between the cone resistance and a series of geotechnical parameters as well as the Vs values (Hegazy and Maine, 1995; Madiai and Simoni, 2004; Andrus et al., 2007; Monaco et al., 2012; Robertson, 2012) .
Penetrometer data are representative of very local conditions and, because of possible lateral variations, they are not necessarily representative of the whole area, even if in this area we do not expect major and dramatic lateral variations. All the correlations to estimate the shear-wave velocities proposed in literature are controlled by parameters like geological age, degree of cementation, soil type, confining stress, depth etc. and several empirical relationships have been proposed.
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441 Fig. 16 Result of the joint analysis of the vertical (a) and radial (b) group-velocity spectra (from active seismics) and the HVSR curve (c). Similarly to the previous figures, the two V S profiles reported in d) refer to the mean (dotted line) and minimum-distance (continuous line) models [the synthetic data presented in the first three plots refer to the minimum-distance model].
CONCLUSIONS
In the present paper we presented the results of a series of possible inversion procedures aimed at retrieving the V S vertical profile while properly exploiting the active and passive data acquired by a single 3C geophone. In order to avoid dealing with trivial data and ideal conditions, we intentionally considered a site where the space available for the data acquisition was quite limited and the noise level extremely large.
In spite of the limited field equipment and effort, it should be underlined that the adopted procedures allowed analyzing five objects (the Z and R groupvelocity spectra, the RPM and RVSR curves and the H/V spectral ratio), so to obtain a robust subsurface model confirmed also by the penetrometer and borehole data.
Dispersion data (we considered both the vertical and radial components of Rayleigh waves) were treated according to the FVS approach so to avoid any subjective data interpretation.
In order to evaluate the reliability of one of these relationships, we considered the equation proposed by Madiai and Simoni (2004) :
where q c is the cone tip resistance, fr the friction ratio and α, β and γ vary according to the ages and mechanical behavior (cohesive, incoherent) (see Table 2 ). The V S values obtained using the equation 1 is presented in Figure 18b . While the values of the shallow (clay/silty) materials are not far from those obtained while analyzing the seismic data, the values related to the sandy strata (from about 9 to 16 m) appear definitely too large both with respect to the values obtained via seismic-data inversion, both considering the typical values that characterize this sort of sandy sediments (e.g. Dal Moro, 2014).
A slightly-stiffer layer at a depth of about 7 m seems supported by both the geotechnical and seismic data (compare with Figs. 11, 12b, 16d and 17) .
The reliability of the LVL obtained through the joint analysis of the active data and the HVSR curve can be evaluated by considering the information from a borehole about 300 m from the investigated site (no closer borehole data were available) and reported in Figure 19 . The general agreement between the V S profile obtained from the analysis of the seismic data down to 30 m is apparent. In particular, the clay level between 14 and 26 m appears consistent with the V S model presented in Figure 16 . 
Fig. 17
Comparison of the V S profiles obtained according to the four approaches considered for the present work. Model#1: minimum-distance model from the joint analysis of the group velocity spectra and the RVSR curve; model#2: minimum-distance model from the joint analysis of the group velocity spectra and the RPM frequency curve; model#3: best model from the inversion of the RVF groupvelocity spectrum only; model#4: minimum-distance model obtained by the joint inversion of the Z and R group-velocity spectra and the HVSR. See text for comments.
Fig. 18
Penetrometer data: a) q c (cone tip resistance) values from a point about 20 m away from the midpoint of the HS acquisition line (point P in Fig. 3) ; b) V S estimated considering the relationship proposed by Madiai and Simoni (2004) .
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Fig. 19
Stratigraphy from a borehole approximately 300 m away from the investigated site.
The analysis of the passive data used to determine the H/V spectral ratio revealed that in the 1-20 Hz frequency range the vibrations generated by the excavator were extremely large (Fig. 14) .
On the other side, the comparison of the two computed HVSR curves (Fig. 15) have shown that such artificial vibrations altered the H/V spectral ratio only in the 1-5 Hz range while at higher frequencies the two HVSR curves appear quite similar (because of the limited length of the clean time series, it is not possible to analyze and compare frequencies lower than about 1 Hz).
Through a careful exploitation of the active and passive data collected by a single 3C geophone we were thus able to depict the V S vertical profile in spite of the problematic conditions of the site.
From the stratigraphic point of view, although it is not possible to establish a strict correlation, we can notice that the depth of the sands (about 9 m) is the same as for a site investigated at the opposite side of the Grado-Marano lagoon (about 13 km eastward as the crow flies) and presented in Dal Moro et al. (2015c) .
